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Structured RNAs embedded in the untranslated regions (UTRs) of messenger RNAs can regulate gene expression. In bacteria, control of a metabolite gene is mediated by the self-cleaving activity of a ribozyme embedded in its 59 UTR 1 . This discovery has raised the question of whether gene-regulating ribozymes also exist in eukaryotic mRNAs. Here we show that highly active hammerhead ribozymes 2, 3 are present in the 39 UTRs of rodent C-type lectin type II (Clec2) genes [4] [5] [6] [7] . Using a hammerhead RNA motif search with relaxed delimitation of the non-conserved regions, we detected ribozyme sequences in which the invariant regions, in contrast to the previously identified continuous hammerheads [8] [9] [10] , occur as two fragments separated by hundreds of nucleotides. Notably, a fragment pair can assemble to form an active hammerhead ribozyme structure between the translation termination and the polyadenylation signals within the 39 UTR. We demonstrate that this hammerhead structure can self-cleave both in vitro and in vivo, and is able to reduce protein expression in mouse cells. These results indicate that an unrecognized mechanism of post-transcriptional gene regulation involving association of discontinuous ribozyme sequences within an mRNA may be modulating the expression of several CLEC2 proteins that function in bone remodelling and the immune response of several mammals.
The hammerhead ribozyme is a small, self-cleaving motif composed of a three-helical junction with a core of invariant nucleotides required for activity. To identify hammerhead ribozymes in mammalian mRNAs, we searched mRNA sequence databases using a pattern descriptor that allowed for insertions of up to 5,000 nucleotides at the ends of stem 1 or stem 3 ( Supplementary Fig. 1 ) 11, 12 . Three hammerhead ribozymes were identified in the 39 UTRs of known rodent mRNAs. Two are found embedded in the transcripts of mouse Clec2d (osteoclast inhibitory lectin, also known as Ocil, Clr-b and Clec2d8) 13 and its paralogue Clec2e (also known as Clra and Clec2d7) 14 , genes that belong to a group of phylogenetically related sequences within the natural killer receptor gene complex of chromosome 6. The third ribozyme is found in rat CLEC2D11 (ref. 7)-a homologue of mouse Clec2d-which resides in the syntenic natural killer receptor gene complex region on chromosome 4. We extended our search to the genomic sequences of other organisms using the UCSC genome browser's comparative genomics tool 15 . Alignments using the natural killer receptor gene complex regions of mouse and rat led to the identification of nine candidate hammerhead ribozymes: four in the 39 regions of predicted rat, horse and platypus Clec2-like genes, and five in the unannotated regions of five other mammalian genomes ( Supplementary Fig. 2) .
Unlike most known self-cleaving RNA motifs that are contiguous [8] [9] [10] [16] [17] [18] [19] , the hammerhead ribozymes identified here (referred to as CLEC2 ribozymes) are split into two fragments separated by a long ribozyme-unrelated insertion in the stem-1-capping loop. The insertion (which is 250 and 696 nucleotides in mouse Clec2d and Clec2e, respectively, and 145-1,739 nucleotides in other candidate ribozyme sequences) segregates the upstream substrate region, residing within 7-44 nucleotides of the stop codon, from the downstream enzyme fragment ( Fig. 1 and Supplementary Fig.  2 ). When assembled from substrate and enzyme fragments, the secondary structure reflects a characteristic hammerhead ribozyme core of fifteen conserved nucleotides flanked by three helices. Comparison of all twelve CLEC2 ribozymes showed conservation of stem 2 as well as the presence of compensatory mutations maintaining stem 1 and the atypically long stem 3. Stem 1 and stem 2 contain secondary structure elements required to form a tertiary contact known to enhance catalysis greatly ( Fig. 1 and Supplementary Fig. 2 ) 3, 20, 21 . Six loop and bulge residues ( Fig. 1) -necessary for the active structure *These authors contributed equally to this work. 1 Center for Molecular Biology of RNA, University of California, Santa Cruz, California 95064, USA. stabilization and optimal catalysis in the Schistosoma mansoni hammerhead ribozyme 22 -are also found in most CLEC2 ribozyme sequences. Taken together, the secondary structure features suggest that the 39 UTR-embedded hammerhead ribozyme motifs form catalytically active structures despite their discontinuity.
To test whether the hammerhead ribozymes embedded within the 39 UTRs possess catalytic activity, we examined the in vitro transcription products of mouse 39 UTRs from Clec2d (D-hcu, hammerhead containing UTR) and Clec2e (E-hcu). Cleavage of both 39 UTR RNAs occurs during the course of the transcription reaction (data not shown) and at the predicted hammerhead ribozyme cleavage sites (Fig. 2) . The DM1-hcu construct-which is expected to create an inactive hammerhead ribozyme due to a triple mutation that prevents the 'substrate' from being cleaved-yields an intact 39 UTR transcript, thus confirming that the cleavage is due to the embedded hammerhead ribozyme activity. The mouse Clec2e-derived 39 UTR cleaves to a lesser extent than D-hcu, perhaps because of misfolding effects due to a ,450 nucleotide longer intervening sequence and/or weakened secondary structure in the stem 1 and stem 3 regions ( Supplementary Fig.  3 ). These results demonstrate that the discontinuous 'substrate' and 'enzyme' fragments form a fully active hammerhead ribozyme.
To determine whether the D-hcu sequence can reduce gene expression by forming an active ribozyme in vivo, it was incorporated into a dual-luciferase gene expression vector and assayed for activity in NIH 3T3 cells (Fig. 3 ). D-hcu reduces luciferase expression by 80% when placed downstream from the luciferase reporter (Fig. 3b) . Nonspecific downregulation effects were ruled out because inversion of the same sequence (R-D-hcu) restores luciferase expression levels to that of the positive control. To verify that the reduction of gene expression was caused by the embedded ribozyme, mutations specifically targeting hammerhead ribozyme activity were introduced into D-hcu. Both a single transversion mutation at position G8 in the enzyme fragment (DM2-hcu), previously shown to compromise hammerhead ribozyme activity 3 , and a triple mutation in the substrate fragment (DM1-hcu) restore gene expression to control levels, indicating that the hammerhead ribozyme embedded in the mouse Clec2d 39 UTR is responsible for reducing reporter protein expression in mouse cells.
RNA from cells transfected with either wild-type (D-hcu) or mutant (DM1-hcu) dual luciferase reporter vectors was compared using reverse transcription-polymerase chain reaction (RT-PCR) to assess the effect of the discontinuous ribozyme-containing 39 UTR on mRNA integrity. A mixture of two primers, each recognizing one of two reporter genes transcribed from the same vector, was used for first-strand complementary DNA synthesis (Fig. 4a) . Amplification of the region spanning the ribozyme cleavage site indicates that mouse Clec2d 39 UTR self-cleaves via the hammerhead ribozyme activity (Fig. 4b) . The uncleaved product of D-hcu is at least tenfold reduced from that of DM1-hcu, in accordance with results of the protein expression assay (Fig. 4c) . Previous studies have shown that ribozymes artificially engineered into 39 UTRs can downregulate gene expression 23 by promoting rapid destruction of the transcript by cytoplasmic RNA degradation machinery 24 . Consistent with these observations, the catalytic activity of mouse Clec2d 39 UTR correlates with the overall reduction of firefly luciferase transcript levels, as compared to those of the mutant UTR-containing mRNA, indicating that the cleaved Clec2 transcript is degraded in vivo.
Structural conservation observed throughout the identified sequences, in conjunction with the tight association of the ribozyme with Clec2-like genes, suggests that the discontinuous ribozymes are orthologous to the mouse hammerhead motif characterized here. Within the rodent lineage, the rat CLEC2D11 ribozyme sequence shares 86% homology with the mouse Clec2d ribozyme. Similarly, two predicted rat Clec2d paralogues are closely (61% and 67%) related to the mouse Clec2e ribozyme (Supplementary Fig. 2 ). These sequence relationships positively correlate with phylogenetic evidence for multiple duplication events of rodent Clec2 genes 7 . Further genome searches using separate parts of the hammerhead ribozyme detected four additional mouse Clec2 paralogues that contain substrate-like, but not enzyme, sequences in their 39 UTRs (data not shown). These partial motifs are also positioned proximally to the stop codon and share extensive primary sequence identity with the substrate regions of functional ribozymes of either mouse Clec2d or Clec2e. However, it is not clear if the incomplete ribozyme sequences are functional substrates for the Clec2d-and Clec2e-derived trans-acting ribozyme elements, or are non-functional evolutionary relics of the rodent Clec2 gene expansion.
Identification of CLEC2 ribozymes in the genomes of mammalian species other than rodents (notably platypus) indicates that these ribozymes share an early mammalian ancestor. Active hammerhead motifs have been found in several divergent species, such as newts 10 , plants 8 and viroids 10 . However, only the Schistosoma satellite DNA is known to encode hammerhead ribozyme sequences that have significant homology to the CLEC2 ribozymes 3, 18 . Although schistosomes parasitize rodents, their ribozymes are found in lineages more modern than the time of divergence of mouse and rat species 18, 25 , suggesting a horizontal gene transfer of the hammerhead sequence from host to the parasite genome as the probable scenario.
In eukaryotes, post-transcriptional regulation of gene expression through the 39 UTR involves an interaction between mRNA-stabilizing and -destabilizing protein-based processes 26 . Together with evidence of cross-species secondary structure conservation, our results indicate that the CLEC2 hammerhead ribozymes have roles analogous to those of destabilizing protein factors. Paired with a yet undiscovered antagonistic process, the hammerhead motif may constitute a system of rapid regulation for CLEC2d, a transmembrane C-type lectin that has a dual role: the inhibition of natural killer (NK)-cell-mediated lysis through the interaction with the NK cell receptor NKR-P1, and the inhibition of osteoclast formation 4, 6 . The core sequences of CLEC2 ribozymes resemble those of the smaller members of its ribozyme class, but the discontinuous arrangement of the substrate and enzyme regions exhibit properties previously associated only with catalytic introns. Although functioning through a fundamentally different mechanism and residing in transcripts distinct from processed mRNA, catalytic sequences of some self-splicing group I and II introns span long stretches of RNA 19 on a scale analogous to that of the ribozymes described here. A question remains as to whether CLEC2 ribozymes can also process substrates encoded on detached transcripts similarly to RNase P, which possesses trans-cleaving properties unique among naturally occurring ribozymes 19 . Most self-cleaving RNAs, however, are considered to be compact sequences suitable for single-step functions such as multimer-to-monomer conversion of genomes in the course of viroid and satellite RNA replication, or for response to small molecule binding such as in metabolite-dependent gene regulation in bacteria. However, in the context of complex gene regulatory systems such as those of mammalian cells, the discontinuous configuration of the CLEC2 ribozyme sequences may provide an opportunity for allosteric regulation.
METHODS SUMMARY
mRNA sequence data from the Ensembl database (release 48, http://www.ensembl.org) were searched using the RNABOB program 11, 12 with a descriptor (Supplementary Fig. 1 ) for the hammerhead ribozyme motif. Orthologues of the rodent CLEC2 ribozymes were identified using BLAT and the UCSC Genome Browser (http://genome.ucsc.edu/) 15, 27 . For in vitro RNA synthesis and analysis, the Clec2 39 UTR-containing plasmids were linearized and transcribed using T7 RNA polymerase at a pH of 8.0 and in the presence of 28 mM MgCl 2 . Reverse transcriptase primer extensions and RNA sequencing were adapted for a [
32 P]-end-labelled primer from previously published methods 28 . For the expression assays, the NIH 3T3 mouse fibroblast cells were transiently transfected with Clec2 39 UTR-containing psiCHECK-2 reporter plasmids (Promega) and analysed using the Dual-Glo Luciferase Assay System (Promega). Firefly reporter expression was normalized using expression of the Renilla luciferase encoded on the same plasmid. RNA from the transfected cells was purified using Trizol (Sigma). For RT-PCR, cDNA was synthesized using primers specific to plasmid-derived transcripts using previous methods 28 . PCR was performed with Accuprime Taq (Invitrogen). PCR products were resolved on an agarose gel and the product quantification was performed using ImageQuant 5.2 (Molecular Dynamics). 
METHODS
Motif search and secondary structure. The RNABOB program 11, 12 was used to search mRNA sequence data from the Ensembl database (release 48, http:// www.ensembl.org) using a descriptor ( Supplementary Fig. 1 ) for the hammerhead ribozyme motif. The secondary structure was built using information from the Schistosoma hammerhead ribozyme crystal structure 3 . Mouse and rat Clec2 paralogues encoding partial and full ribozyme sequences were identified using BLAT and the UCSC Genome browser 15, 27 . Alignment was generated using ClustalW 29 . Clec2d orthologues were identified using the 30-way Multiz alignment and conservation tool in the UCSC genome browser 15 . Sequences with similarity to stem 2 regions of the rodent CLEC2 ribozymes were selected for further analysis. These sequences were first screened for completeness of stem 2 and conserved hammerhead ribozyme nucleotides in the enzyme strand. The candidate ribozymes were then selected on the basis of the expected sequence (the ability to form stems 1 and 3 together with the enzyme strand) and orientation of the substrate within the 2,000 bp regions flanking stem 2. Constructs. The hammerhead ribozyme-containing 39 UTR sequences (GenBank AF321553 nucleotides 684-1,179 for D-hcu; NM_153506 nucleotides 695-1,710 for E-hcu) were cloned from total DNA (BioChain Institute, Inc.) of BALB/c mice. The DM1-hcu construct is the same as D-hcu with the following exception: the hammerhead ribozyme has been inactivated by a triple mutation spanning the cleavage site (59-A(16.1)G(17)A(1.1)-39) . The DM2-hcu construct contains the hammerhead ribozyme inactivated by a single base (G8 to C8) mutation (refer to Fig. 1 for residue identification), with the rest of the sequence identical to D-hcu. The R-D-hcu construct contains D-hcu sequence in the antisense direction. The positive controls CHR (control hammerhead ribozyme) and CHRM (G8 to C8 mutant of CHR) were derived from Schistosoma ribozyme 3 and were oriented analogously to the CLEC2 ribozymes-with stem 3 connecting the structure to the rest of the transcript. Each of the two controls was capped with an artificial tetraloop closing stem 1 (full CHR sequence with tetraloop underlined and the CHRM mutation position preceded by an asterisk: 59-CCGGCGT CCTGGTATCCAATCCTTCGGGATGTACTACCAGCTGAT*GAGTCCCAAA TAGGACGAAACGCCGG-39). For in vitro transcription assays, 39 UTR sequences were cloned into the XbaI site of the pET-20(b) vector (Novagen). For expression assays, 39 UTR sequences and control ribozymes were placed 7 nucleotides downstream of the firefly luciferase open reading frame (XbaI site) in psiCHECK-2 dual luciferase vector (Promega). Cognate poly A sites have been omitted from all 39 UTR sequences and replaced with vector-encoded SV40 Poly(A) signal. The psiCHECK-2 vector also contained a Renilla luciferase gene, the expression product of which was used as an internal control for transfection efficiency and the extent of expression. In vitro transcription and reverse transcriptase primer extension. pET-20(b) constructs were linearized and transcribed for 1 h at 37 uC using T7 RNAP in the following conditions: 50-60 mM double-stranded plasmid, 5 mM ribonucleotide triphosphates, 28 mM MgCl 2 , 2 mM spermidine-HCl, 100 mM dithiothreitol, 0.01% Triton X-100 and 40 mM Tris-HCl buffer (pH 8.0). Transcripts were purified using phenol and chloroform after the transcription reaction and then again after the treatment with RQ-DNase (Promega). Reverse transcriptase primer extensions and RNA sequencing were adapted for a [
32 P]-end-labelled primer from previously published methods 28 . Reporter expression assays. NIH 3T3 mouse fibroblast cells were transiently transfected using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions and assayed using the Dual-Glo Luciferase Assay System (Promega). The firefly/Renilla luciferase expression ratios were normalized to those of the psiCHECK-2 vector. RT-PCR. NIH 3T3 cells were transfected with mouse Clec2d 39 UTR-containing psiCHECK-2 plasmids in 10-cm plates. Whole-cell RNA was purified using Trizol (Sigma), treated with RQ-DNase (Promega), and purified with phenol and chloroform. cDNA was synthesized using two primers specific to two different (experimental and control) plasmid-derived transcripts using previous methods 28 . Primer sequences for cDNA synthesis were 59-CATGTCTGCTCGAAGCGGC-3' for the ribozyme-containing firefly luciferase (hLuc 1 ) transcript, and 59-TCCTCAGGCTCCAGTTTCC-3' for the control Renilla luciferase (hRLuc) transcript. Primer extension products were treated with RNase A and RNase H, purified with phenol and chloroform, and resuspended in water. For PCR reactions, Accuprime Taq along with Buffer II (Invitrogen) were used according to manufacturer's instructions. For PCR of the ribozyme-containing hLuc 1 , the hLuc 1 cDNA primer was used together with 59-GTGGACGAGGTGCCCAAGG-39 (forward) for the 643 nucleotide product, and 59-GCTACTCTTTCCCCTATGGTC-39 (forward) for the 494 nucleotide product. For PCR of the control hRLuc, the hRLuc cDNA primer was used together with 59-CTGATCTGATCGGAATGGG-39 (forward). PCR reactions were placed on ice after the designated number of cycles, resolved on a 2% agarose gel and stained with ethidium bromide. PCR product intensities were quantified using ImageQuant 5.2 (Molecular Dynamics).
